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The population of the Gulf Coast has grown immensely since 1960.  Bridges along the 
coast are a vital part of this area’s infrastructure.  They impact the transportation of goods and 
services, as well as the tourism in these areas.  Many of these coastal bridges are at risk of being 
damaged or even destroyed during extreme weather events.  This can cause not only short and 
long-term monetary problems, but the damage also can exacerbate the issues in getting people 
out of dangerous areas and getting help into areas in need, after an event.  
Damage during extreme weather events are the result of the storm surge being able to 
raise the water level enough for waves to impact the bridge superstructures, unseating or shifting 
the bridge superstructures.  Even though some bridges are designed to be fixed to the supports, 
wave forces can be greater than the capacity of the supports.  Therefore, new technologies need 
to be, and have been, developed to make these bridges safer and stronger during these events. 
This research has set forth to determine the impact that the different parts of a bridge 
have on the total forces experienced by bridges.  Research and tests have been performed on 
some of the recommended methods of damping that would reduce these damages.  Some 
methods can be implemented only on new bridges, and others may be able to be implemented on 
existing bridges.  Five different clearances were tested along with seven different bridge models 
that ranged from a flat plate to a fully developed slab-on-girder bridge model.  Two different 
support systems were also tested: a fixed support system and a system that allowed for some 
horizontal and rotational movement. 
It was found that the girders of a bridge play the largest role in increasing the experienced 
forces, with open, closed, and vented girder systems changing this increase in force.  It was also 
determined that the different support systems do have an effect on the wave forces, with the 
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fixed support system giving less predictable data, while also showing more wave force for 






Coastal bridges are a vital part of the infrastructure of the United States.   The population 
of the Gulf Coast grew 150 percent from 1960 to 2008, which is twice the national average.  
With more and more people moving to the gulf coast area, coastal bridges are playing 
increasingly important roles in the infrastructure of this growing region (Census, 2010). 
During Hurricane Katrina, 44 (33 in Louisiana alone) bridges in Mississippi, Alabama, 
and Louisiana sustained some type of damage.  The majority of this damage occurred on bridges 
that were adjacent to water sources, where the storm-surge could impact those bridges.  The 
superstructures of these bridges sustained the most damage, as well.  The bridge superstructures 
experienced large amounts of transverse or longitudinal loadings, in addition to the vertical 
loading, which resulted in unseating of the bridge deck from the support bents or abutments.  
Even some bridges that were supposedly fixed connected to the supports through doweling, 
experienced bearing damage as the connection completely failed, allowing the spans to unseat or 
shift.  Figure 1 shows the damage caused by Hurricane Katrina’s storm-surge on the I-10 twin 
spans over Lake Pontchartrain.   
 
Figure 1: I-10 Twin Spans after Katrina (Davis 2010) 
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The damage to these bridges (ranging from slight damage to complete failure) resulting from 
Hurricane Katrina lead to estimates of over 900 million dollars in repairs or replacements 
(Padgett et al. 2008).   
It was also reported that the recent Hurricane Irene damaged over 200 roads and bridges 
in New England area, showing that this type of damage is not limited to only the Gulf Coast. 
1.1 Literature Review of Wave Forces on Bridge Decks 
1.1.1 El Gahmry (1963) 
El Gahmry (1963) was one of the first researchers to study and experiment with wave 
forces on structures in his paper on wave forces on a dock.  He used a 105 foot long, 1 foot wide, 
and 3 foot deep wave flume along with a 4 foot long, 1 foot wide, and ¼ inch thick aluminum 
dock model.  He varied the position of the deck in the flume to have and to not have an air gap 
between the wave and the dock.  He also changed the “beach slope” inside the flume to create 
monochromatic, non-breaking waves and monochromatic waves that broke at varying rates.  
Through studies of different wave lengths and periods he found that the shape of the force-time 
curve was not sinusoidal shaped and was dependent on the wave period and the elevation of the 
deck.  He also found that the measured positive and negative uplift forces were not equal but 
were highly sensitive to the wave height and wave period.  The author used Stoker’s wave theory 
to predict the uplift pressures.  However, Stoker’s theory is for use with sinusoidal waves, so 
there were discrepancies in the results.  To account for these discrepancies, a correction factor 
was used in the calculations.   
El Gahmry also studied the effect of trapped air under the dock, by making the dock 
structure air tight.  He found that he could generate maximum impulse loads of up to 100 times 
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greater in the scenario when the wave conditions trapped air and the wave was breaking.  The 
author found that this impulse load was also dependent on the wave period.   
1.1.2 Wang (1970) 
Wang (1970) studied the uplift pressure that waves cause on a horizontal plate that is 
suspended at distances of 0 to 0.125 feet above the mean water level.  The experiments were 
conducted in a 90 foot by 90 foot square basin.  Wave heights varied due to the method of wave 
generation.  The waves were supposed to represent wave patterns from explosions, and typically 
had a height of 0.16 feet and a maximum height of 0.49 feet.  The author found that the uplift 
pressure has two components.  The first is a large impact pressure from the initial impact of the 
wave on the underside of the plate.  The second is a slowly changing pressure component due to 
the specific wave height and period.  The author found that the maximum magnitude of the 
slowly changing component was related to the hydrostatic pressure resulting from the difference 
between the elevation of the crest of the wave and the elevation of the bottom of the deck.  The 
equation he found is: 
                                                     (1) 
where p is the maximum slowly changing pressure on the bottom of the plate, γ is the unit weight 
of water, η is the elevation of the crest of the wave, z is the elevation of the plate, and c is a 
coefficient between 1 and 2.   
Wang also found that the impact pressure on the deck resulted from the change of 
momentum of the wave as it contacted the underside of the plate, as seen in Figure 2.   
 
Figure 2: Diagram of Wave after Contact with Horizontal Plate (Wang 1970) 
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He found that this uplift impact pressure can be expressed through the following equation: 
                                                (2) 
where P is the uplift pressure at impact, ρw is the density of water, g is the acceleration due to 
gravity, H is the wave height, z is the deck height above the standing water line, d is the water 
depth, and L is the wave length. 
The author also determined that only wave that had moderate steepness and were 
preceded by a trough caused these impact pressures.  In cases where there was no impact 
pressure, there was only the slowly changing pressure acting on the deck.  
Wang only considered the vertical forces acting on the plate.  This was due to the flat 
plate lacking a substantial amount of vertical area for the water to contact.  This made the 
horizontal forces on the plate very low and seemingly insignificant. 
1.1.3 French (1970) 
French (1970) also carried out experiments on the uplift pressures associated with 
horizontal platforms.  He used a wave flume that was 1.3 feet wide, 98 feet long, and 2 feet deep.  
An aluminum plate was placed along the width of the flume 75 feet from the wave generation 
point.  French then varied the deck clearance, wave height, and water depth to gather a range of 
data.  His experiments agree with both Wang and El Gahmry and their conclusion that there is an 
initial impact pressure and also a slowly changing pressure.  The author developed an equation 
that correlates with the slowly changing pressure equation found by Wang with c being equal to 
or greater than 1. 
1.1.4 Denson (1978, 1980) 
Denson (1978) conducted small scale experiments to obtain data after an actual bridge 
and event.  The author used a 1:24 scale model of the US 90 Bay St. Louis Bridge after the 
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bridge was damaged during Hurricane Camille.  He performed wave flume tests with waves 
striking the bridge perpendicularly and with monochromatic waves with a period of 3 seconds.  
The author varied the elevation of the deck (from above the water level to beneath the surface of 
the water), the water depth, and the wave height.  He concludes that wave induced moments 
were the greatest source of damage to the bridge during the hurricane, and the failure could have 
been prevented by small and inexpensive anchorage systems. 
Denson (1980) studied a water basin scenario when waves were striking the bridge at 
angles.  The author also tested box-culvert bridge sections in this report.  The author was only 
testing shallow water wave types, and so the period and length of the waves were 
inconsequential.  However, this seems to directly contradict El Gahmry, Wang, and French, who 
all reported that the wave period was a significant factor in the experienced wave loads.  Because 
of this, there is some doubt on the credibility of the author’s conclusions. 
1.1.5 Broughton and Horn (1987) 
Broughton and Horn (1987) used wave basin tests, with a 1:50 scale, to determine 
vertical wave loads on varying deck configurations.  The tests showed the slowly changing 
pressures as an initial uplift force and then a downward force of the same magnitude.  The tests 
did not have a high enough data sampling rate to detect the impulse force, and so it was not a 
concern of the report.  Broughton and Horn did, however, determine new expressions for the 
vertical and horizontal forces per unit length.  Broughton and Horn related the changing forces, 
both horizontally and vertically, to not only bridge geometry and location but also to water 
particle velocity.  The equations developed are as follows: 
                                                         (3) 
                                                                      (4) 
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where bw is the cellar deck breadth, ρw is the water density, l and h are the wave crest length and 
height, respectively, c is the wave celerity, and uy and ux are the vertical and horizontal 
velocities, respectively. 
1.1.6 Shih and Anastasiou (1992) and Toumazis et al. (1989) 
Shih and Anastasiou (1992) and Toumazis et al. (1989) reported on small and very small 
scale tests, which were performed with horizontal platforms to determine the effect of air 
entrainment.  They found that air entrainment affects the impulse pressure which is a cause of 
scatter in data.  The maximum impact pressure increases with increasing wave height and 
decreasing clearance of the deck.  The also state that Froude scaling does not consider the 
compressibility of air in the relationship between model and prototype.  The authors also agree 
with previous research that wave pressures are dependent on wave height, deck elevation, and 
the standing water level, but they found that the slowly changing pressures were lower than the 
hydrostatic pressure, which would imply a c value of less than 1 using Wang’s equation. 
1.1.7 Kaplan (1992) and Kaplan et al. (1995) 
Kaplan (1992) and Kaplan et al. (1995) developed a theoretical model on the time history 
of impact wave loads of circular members and decks.  The author studied scenarios where the 
decks had a large amount of clearance from the standing water line but would still experience 
impact from larger storm waves.  Kaplan used Morison’s Equation with the addition of inertial 
force, drag force, and buoyancy force terms to determine the time history of the loads during the 
wave.  The author determined that the impulse force was again dependent on deck height above 
the standing water line and wave crest elevation, while the slowly changing forces were 
dependent on wave period.  Using these results, the following equations for total vertical and 









where b and L are the deck width, l is the horizontal wetted length, η is the wave height,  and 
 are found from the degree of wetting of the underside of the deck, a is the deck thickness, c is 
the vertical wetted length, u is the velocity of the wave horizontally, and Cd is the drag 
coefficient.  Although these equations were developed to describe offshore platforms, which 
have a very high clearance over the standing water level, the basis of these equations (Morison’s 
Equation) relates to members that are nearer to, or under, the surface of the water.  However, 
these equations will have the fundamental problems that Morison’s Equation has, which is the 
assumption that wave properties are not affected by the structure.  This is not likely to be the 
case when there is interaction between waves and highway bridge decks. 
1.1.8 Suchitra and Koola (1995) 
Suchitra and Koola (1995) experimented with horizontal slab models to determine 
vertical forces caused by waves.  They used slabs with and without the use of stiffeners to test 
the influence of down-stand beams.  The authors concluded that transverse beams create air 
entrapment and reduce the peak impact forces, but longitudinal beams tend to increase the forces.  
They determined the impact (slam) force in the vertical direction could be described as follows: 
                                                                (7) 
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where cs is the slamming coefficient (typically a value of 2.5 to 10.2), ρw is the density of water, 
A is the contact area, and uy is the vertical velocity of the wave. 
1.1.9 Bea et al. (2001) 
Bea et al. (2001) developed an integrated approach to better describe and evaluate wave 
loads on decks.  They report that wave loadings near the wave surface during impact is 
extremely complex due to the air entrainment, turbulence, directional spreading, currents, and 
other factors that cannot be modeled in a laboratory setting.  This makes fluid mechanics 
insufficient for use by itself.  The integrated approach the authors developed uses all of the 
sources of information to develop a new procedure.  This procedure is consistent with how decks 
have performed when wave forces are applied.  Their new equation for the total horizontal force 
imposed on a platform deck is as follows: 
                                                  (8) 
where Fb is the vertical buoyancy force, Fs is the horizontal slamming force, Fd is the horizontal 
drag force, Fl is the vertical lift force, and Fi is the horizontal inertial force.  Figure 3 shows the 
idealized force-time relationship on a platform deck for this integrated approach. 
 
 
Figure 3: Idealized Force-Time Relationship on Platform Deck (Bea et al., 2001) 
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Bea et al. also developed equations for finding each of the force terms in their integrated 
approach.  This method can be adapted for use with highway bridge decks with the use of 
empirical coefficients. 
1.1.10 Tirindelli et al. (2003)  
Tirindelli et al. (2003) experimented with models to determine the horizontal and vertical 
wave loading on exposed jetties.  The authors used three different structure models for testing, 
and they analyzed the slowly changing and impact loads without dimensions.  The wave loads on 
the decks are shown in Figure 4. 
 
Figure 4: Wave Loads on a Bridge (Tirindelli et al., 2003) 
The authors included 3 dimensional effects of the wave forces, and they found that there 
were increased inundation forces when these effects were examined.  Tirindelli et al. also 
determined that the down-stand beams they included in their models resulted in greater impact 
forces to those beams and the surrounding deck area.  This increase in force could result in more 
damage in a shorter amount of time.   
1.1.11 Cuomo et al. (2007) 
Cuomo et al. (2007) used a 1:25 Froude scale model of a jetty head to determine new 
guidance on wave deck loadings.  The authors tested 2 dimension and 3 dimension effects, along 
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with down-standing beams.  The authors used a 40 meter long, 1.5 meter wide flume.  The 
maximum water depth of the flume was 1.2 meters at the wave generating paddle, and a 1:5 
beach slope at the end of the flume was used to dissipate the wave and reduce reflection.  The 
authors varied between two water depths and four different deck clearances to develop their 
conclusions.  Cuomo et al. examined the time history, as seen in Figure 5, and separated the 
wave load into 3 different loadings. 
 
Figure 5: Measured and Idealized Time-History (Cuomo et al., 2003) 
The first loading is an impact load, Fmax, which is the maximum value of the signal within the 
wave event.  The second is a positive quasi-static loading, Fqs+, which is the maximum uplift 
component of the slowly changing pressure.   The third component of the loading is a negative 
quasi-static loading, Fqs-, which is the minimum component of the slowly changing pressure.  
The authors defined impact loads as the loads acting on the deck for a time, tr, shorter than 2 
times the resonance period, 2To, of the deck.  Any loading that occurred when tr was greater than 
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2To was considered quasi-static or slowly changing loading.  The researchers developed the 
following equations to determine the loadings on the bridge: 
                                            (9) 
                                           (10) 
                                                     (11) 
where F
*
1/250 is a dimensionless force for the 1/250 level, Fqs 1/250 is the quasi-static component of 
the force, F
*
max 1/250 is the dimensionless maximum value reached by the signal, Hs is the 
significant wave height, A is the area of the deck exposed to the wave, a and b are empirical 
coefficients, d is the depth of the water, c1 is the clearance of the deck, and ηmax is the maximum 
wave surface elevation. 
Cuomo et al. determined that the horizontal impact loads were typically 2.5 times larger 
than the corresponding quasi-static loads, and the vertical impact loads were typically 2.9 times 
larger than the corresponding quasi-static loads.  They also noted that higher ratios are possible 
and occur on the internal elements, due to the complex interaction of the wave and the structure 
here.  Cuomo et al. also determined the error (E) of their formulae, and compared it to the error 
of previous studies.  The results can be seen in Table 1. 
Table 1: Results of Error Calculations (Cuomo et al., 2007) 
 
where N is the structure configuration of no side panels (3 dimensional), P is the configuration 
with side panels (2 dimensional), and FD is the flat deck structure.  The error in Cuomo et al. is 
lower when compared to the other studies. 
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1.1.12 Douglass et al. (2006) 
Douglass et al. (2006) studied existing reports and knowledge on waves and their forces 
on bridge superstructures.  They also developed a new approach for estimating those forces.  
Douglass et al. studied the U.S. 90 Bridge across Biloxi Bay, Mississippi and the forces that 
caused it to fail during Hurricane Katrina.  The bridge decks for U.S. 90 were unseated and 
moved off the pile caps completely in some sections, as seen in Figure 6.   
 
Figure 6: U.S. 90 across Biloxi Bay after Hurricane Katrina 
The authors found that their new approach estimates the wave loads at levels which 
would cause failure to the connections at the lower elevation spans of this bridge, but would not 
cause connection failure at spans that have a higher clearance above the water.  These estimates 
are in agreement with the actual failure and non-failure of spans on the bridge.   They found that 
the U.S. 90 decks that failed only had 1 foot of clearance from girder to the sea, and they 
experienced horizontal forces of up to 230 kips and vertical forces of up to 440 kips, by 8:00 AM 
CDT on August 29, 2005.  These were enough to overcome the 340 kip dead weight of the span 
and cause failure.  It is noted that the peak loads did not occur at that bridge until 10:30 AM 
CDT, but the estimates for the earlier case are more reliable, as predicting extreme loads have the 
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most uncertainty.  The authors also report that strengthening the bridge to withstand such 
extreme events could shift the load to other sections of the structure, which could cause more 
problems.  Douglass et al. suggest more research for three different levels of inundation.  The 
first level is having few wave crests impacting the girders of the bridge.  The second level is 
having the deck elevation almost even with the water level.  The third level is having the bridge 
completely inundated and submerged in the water.  Douglass et al. carried out experiments on a 
model for the proposed design for LA 1. Through the research and experiments, they developed 
these equations for the horizontal and vertical components of the slowly changing wave loads: 
                                              (12) 
                                                              (13) 
where cr is a reduction coefficient (recommended value of 0.4), ch-va and cv-va are empirical 
coefficients for the horizontal and vertical varying load, respectively, N is the number of girders 




are reference horizontal and vertical loads, defined below: 
                                                             (14) 
                                                             (15) 
where γ is the unit weight of water, Ah and Av are the projection of the bridge deck onto the 
vertical and horizontal planes, respectively, Δzv is the distance from the crest of the wave to the 
underside of the deck, and Δzh is the distance from the elevation of the crest to the centroid of 
Ah.  Figure 7 shows these variables in a sketch.  
The authors also determined an approach to finding the impact load on a bridge deck as 
follows: 
                                    (16) 
                                                 (17) 
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where ch-in and cv-im are empirical coefficients for the horizontal and vertical impact loads 
(recommended values of 6 and 3), respectively. 
 
Figure 7: Formulae Definition Sketch (Douglass et al., 2006) 
1.1.13 Huang and Xiao (2009) 
Huang and Xiao (2009) developed a numerical model of the wave forces experienced by 
the Escambia Bay Bridge decks during Hurricane Ivan.  The researchers used RANS equations 
to model the bridge and validated their model with experimental results from French (1969).  
Huang and Xiao modeled three different deck locations with respect to the 1% highest wave 
height (H): ¼ H above the water elevation, even with the water elevation, and ¼ H below the 
water elevation.  The 1% highest wave height was used because it corresponded to the extreme 





Figure 8: Wave-Bridge Model at Bridge Deck at Water Elevation (Huang and Xiao, 2009) 
Huang and Xiao then compared the results to the empirical methods developed by Bea et al. 
(1999) and Douglass et al. (2006).  Those results can be seen in Table 2. 
Table 2: Comparison between Numeric Model and Empirical Methods (Huang and Xiao, 
2009) 
 
It should be noted that the inertia and drag forces provided by Bea et al.’s (1999) should 
be added together to produce a total force.  Huang and Xiao’s model produced vertical forces 
that are higher than both empirical methods, but also produced horizontal forces that are lower 
than both empirical methods.  However, all of the methods show the same conclusion of the 
bridge decks being lifted by the large vertical forces. 
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1.1.14 Chen et al. (2009) 
Chen et al. (2009) researched the collapse of the bridges during Hurricane Katrina.  The 
research was focused around three main aspects: the hydrodynamic conditions during the 
hurricane, the cause of damage, and magnitude of loading on the bridges during this time.  They 
employed the ADCIRC model to determine the water levels and currents in the Gulf of Mexico 
during Hurricane Katrina, and used the SWAN model to determine the coastal wave conditions.  
Chen et al. compared the model to post storm data collected by the U.S. Federal Emergency 
Management Agency.  They found that the model showed more accuracy along the coastline 
than in inundated areas but the model did agree with the available data reasonably well.   
When researching the cause of bridge collapse, they considered the buoyant force of the 
bridge decks and the wave forces acting on those bridge decks.  The research showed that, while 
some parts of the US 90 bridge over Biloxi Bay were close to buoyant when submerged, other 
sections of the bridge failed while being above the maximum surge height.  They attributed this 
failure to wave forces and used different previous studies to determine the wave forces 
experienced by the decks.  They determined the vertical wave load to be sufficient to overcome 
the dead weight of the deck, and the horizontal wave load was large enough to displace the decks 
off of the piles.   
Chen et al. also studied the critical elevation of the bridge decks of US 90 bridge over 
Biloxi Bay.  This height was determined to be half of the significant wave height determined in 
the model, and any bridge under this critical elevation could be damaged by wave impacts, as 




Figure 9: Elevation view of the critical elevation of the US 90 bridge over Biloxi Bay (Chen 
et al. 2009) 
1.2 Literature Review of Damping in Bridges 
1.2.1 Parvin and Ma (2001) 
Parvin and Ma (2001) experimented with the effects of helical springs and fluid dampers 
as energy dissipation devices during vertical seismic loading on bridges, which may shed some 
light on mitigation of hurricane induced damage.  They created models with vertical springs at 
the bearing points of the bridge and the supports, horizontal springs between the abutments and 
the bridge decks, and nonlinear fluid dampers near the springs.  This spring supported model has 
more flexibility in the vertical direction, which reduces the acceleration response by up to 75%.  
This reduction to the acceleration also reduces the inertia forces in the member, which aids the 
structural design of the bridge.  The increased flexibility from the springs also helped reduce the 
damage caused by the deflection gap between the bearing and the span.  The flexibility of the 
model does create a larger displacement response than before.  To alleviate this, Parvin and Ma 
added the fluid dampers, which can make the damping level over 20% of the critical damping 
18 
 
(less than 10% of critical being the general damping for bridges).  They also reported there were 
diminishing returns for adding more damping, especially for stiffer systems, but for the system 
they were studying, the springs and dampers greatly reduced the response and relative 
deflections. 
1.2.2 Schumacher et al. (2008) 
Schumacher et al. (2008) performed large scale experiments on highway bridge superstructures 
exposed to hurricane wave forces.  They reported that small scale, rigid bridge models did not 
provide a realistic fluid-structure interaction.  The experiments they carried out were with a 1:5 
scale bridge model of US90 Biloxi Bay Bridge.  They used a 324 feet long, 12 feet wide, and 15 
feet deep wave flume.  The bridge model was placed at a clearance of -0.92 to 0.92 feet 
compared to the still water line.  They produced waves with a wave height of 1.23 to 3.28 feet.  
Two different bridge connections were tested, rigid and flexible, with a spring placed 
horizontally between the support and the bridge deck.  They performed 10 to 15 cycles of waves 
and determined the average peak forces for both rigid and flexible setups.  The results of their 
experiment can be seen in Figure 10.  These results show that the flexible setup resulted in higher 
forces, which is contrary to the expected outcome of flexible supports lowering measured forces. 
 
Figure 10: Comparison of Vertical (blue) and Horizontal (red) Forces With and Without 
Springs (Schumacher et al., 2008) 
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2. FUNDAMENTALS AND STATE OF THE ART 
Bridge decks that do not have sufficient clearance to avoid the high wave crests 
associated with hurricanes and other coastal storms are subject to very large and dangerous 
forces when these waves contact the decks.  Though research in wave-bridge interaction has, 
historically, not been as focused on compared to other areas of coastal engineering, a few 
properties of waves are generally accepted by the engineering community.  A typical model of 
wave-deck interaction can be seen below, in Figure 11. 
 
Figure 11: Wave loading on a bridge structure (Cuomo et al. 2007) 
 
2.1 Vertical Force Fundamentals 
The vertical force experienced by a bridge deck under wave loading is a very complex 
and dynamic force.  Many different factors can increase or decrease this force, such as 
immersion depth, wave conditions, seabed layout, and structural geometry.  However, there are 
three main types of vertical pressures that waves can place on bridge decks.  These are impact 
pressures, slowly varying positive pressures, and slowly varying negative pressures. 
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2.1.1 Impact Pressure 
The impact pressure is the first wave force placed on the bridge deck.  It occurs as soon 
as the wave crest and the deck contact one another.  This pressure is very large in magnitude but 
very short in duration.  This force can cause high amounts of damage to the bridge deck and its 
bearing connections.  It can also result in fatigue failure around the areas affected.  This impact 
pressure has been studied extensively; however it is still the most unpredictable of the vertical 
wave forces.  This is due to the variability and unpredictable nature of air entrapment.  Air 
entrapment is the air that is caught between the underside of the bridge deck and the top of the 
wave as the two come in contact.  Since this phenomenon is extremely hard to control, even in a 
laboratory environment, impact pressures seen in experimental results can vary greatly. 
2.1.2 Slowly Varying Positive Pressure 
The next wave force acting on the bridge deck is a slowly varying positive pressure.  This 
is a simpler force which is a function of wave height and deck clearance.  As the impact pressure 
on the deck is dissipated, more of the wave begins to contact the bridge deck.  The difference in 
elevation between the underside of the bridge deck and the wave crest height along the deck 
causes a hydrodynamic pressure to be placed on the bottom of the bridge deck.  This pressure 
lasts as long as the wave crest continues to rise above the bridge deck. 
2.1.3 Slowly Varying Negative Pressure 
As the wave begins to recede below the bridge deck, the slowly varying positive pressure 
is dissolved.  This gives way to a slowly varying negative pressure.  This pressure is the result of 
the wave force no longer acting in a positive direction, but simply as an additional load on the 
bridge deck due to inundation of the deck.  Inundation is the result of the wave crest height being 
greater than that of the bridge deck height, which allows the water to overtake the bridge barriers 
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and pool on the surface of the bridge.  This pressure is a function of wave height, deck clearance, 
and deck width, as a wider deck will allow for more water to pool there, resulting in a higher 
magnitude pressure. 
2.1.4 Buoyancy Force 
Buoyancy force is also a force that needs to be taken into account for predicting the 
damage caused by wave forces.  Although it is technically not a “wave force”, it is a force that is 
placed on the bridge during the bridge-wave interaction.  This force is a function of the wave 
height, the deck geometry, and the deck material properties. 
2.2 Horizontal Force Fundamentals 
Although the vertical component of wave force is a large source of damage and failure to 
coastal bridges, the waves also have a horizontal component, which is equally as dangerous.  The 
horizontal forces associated with waves can be separated into two main categories: slamming 
force and inundation force. 
2.2.1 Slamming Force 
Slamming is a force that is caused by wave breaking or slamming onto members when 
they initially are submerged.  Slamming forces can be relatively high in magnitude and can cause 
high stresses or fatigue in the members and joints.  These forces are usually short in duration and 
are functions of force characteristics, deck response, and damping. 
2.2.2 Inundation Force 
Inundation force is a combination of other forces associated with bridge inundation: 
horizontal drag force, vertical lift force, and horizontal inertia force.  The slamming force or the 
horizontal drag force, which is typically larger than the horizontal lift force, will typically be the 
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source of the highest horizontal wave loading on the deck.  These forces are functions of the 
wave crest height and the water velocity of the wave crest. 
2.3 Basic Design Methods 
Although there are some guidelines when designing bridge decks subjected to wave 
loadings, there is not an official code maintaining a singular method.  These guidelines include 
some of the methods discussed in the Literature Review of this paper.  However, they will be 
explained in more depth in this section. 
2.3.1 Air Gap Approach 
The air gap approach is, on the surface, the most basic of the suggested design methods.  
It is the method of simply raising the elevation of the bridge deck to a location where waves in 
the foreseeable future will not be able to contact the deck.  However, this task is not easy to 
accomplish.  The wave height at future dates can be difficult to determine, especially if data on 
previous storm surges and wave heights is not available.  It may also not be possible to raise the 
bridge deck enough, due to grading, approaching roadways, or serviceability restrictions.  Also, 
the cost of raising the bridge deck to the air gap level may be higher than the costs of 
strengthening the bridge against wave forces.  The main factors to consider are the anticipated 
lifespan and return period, the probability of higher than expected number of extreme wave 
events, tidal or storm surge predictions, settlement of the bridge foundations, and the bridge-
wave interaction for large waves.  The air gap approach is recommended, since it prevents the 
wave from contacting the bridge deck, which may not have been sufficiently designed to handle 
such loads.   
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2.3.2 Morison’s Equation: Kaplan (1992), Kaplan et al. (1995), and Bea et al. (1999) 
Kaplan (1992) and Kaplan et al. (1995) worked to develop a method to predict the wave 
loading on circular members and decks.  Kaplan was mainly focused on offshore platforms, 
which have a large amount of clearance above the still water line but sometimes get struck by 
large wave crests.  Kaplan used Morison’s Equation with inertia and drag terms added to 
determine the loading associated with wave-structure interaction.  Kaplan determined that the 
total vertical and horizontal forces were as follows: 
 





where b and L are the deck width, l is the horizontal wetted length, η is the wave height,  and 
 are found from the degree of wetting of the underside of the deck, a is the deck thickness, c is 
the vertical wetted length, u is the velocity of the wave horizontally, and Cd is the drag 
coefficient.   
Bea et al. (2001) worked to develop an integrated approach for describing and evaluating 
wave loads on decks.  The researchers developed an idealized force history for a wave-deck 
interaction, as seen in Figure 12.  
They developed a modified version of Morison’s equation and determined the total wave 
force can be defined as the following: 




Figure 12: Idealized Force-Time History (Bea et al. 2001) 
where Fb is the vertical buoyancy force when the bridge deck is immersed, Fs is the slamming or 
impact force, Fd is the velocity dependent drag force, Fl is the velocity dependent lift force in the 
normal to wave direction, and Fi is the acceleration dependent inertia force.  There is no 
universal equation for the buoyancy force on a bridge deck, because it is dependent on many 
different factors of both the bridge and the water.  However, there are equations for the rest of 
the forces in Bea et al.’s altered version of Morison’s Equation.  The slamming or impact force, 
the drag force, and the lift force on the bridge are defined as the following: 
 Fs=0.5CsρAu
2
                                                                   (21) 
Fs’=FeFs                                                                        (22) 
Fd=0.5CdρAu
2
                                                                  (23) 
Fl=0.5ClρAu
2
                                                                   (24) 
where Cs is the slamming coefficient (typically between 2 and 20), Cd is the drag coefficient, Cl 
is the lift coefficient, Fs’ is the effective slamming force, Fe is the dynamic loading factor (a 
function of wave characteristics and bridge properties), ρ is the density of water, A is the area 
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exposed to the wave action, and u is the water velocity of the wave crest.  The inertia force can 
also be defined as the following: 
Fi=ρCmVa                                                                       (25) 
where Cm is the inertia coefficient, V is the inundated volume of deck, and a is the water 
acceleration of the wave crest. 
2.3.3 Federal Highway Administration Report (Douglass 2006) 
Douglass et al. (2006) developed a method that could be used to conservatively estimate 
the wave loads on bridges, while still being easy to use and simple to apply.  The authors used a 
reference load in their calculations.  This is a load that can be calculated once for each directional 
component, and then plugged in other equations to give a more representative value for the 
loading.  The equations for the vertical and horizontal reference loads are the following: 
                                                            (26) 
                                                             (27) 
where γ is the unit weight of water, Ah and Av are the projection of the bridge deck onto the 
vertical and horizontal planes, respectively, zv is the distance from the crest of the wave to the 
underside of the deck, and zh is the distance from the elevation of the crest to the centroid of Ah.  
These reference values are then plugged into the following equations for vertical and horizontal 
impact loads: 
                                      (28) 
                                                    (29) 
where ch-im and cv-im are empirical coefficients for the horizontal and vertical impact loads 
(recommended values of 6 and 3), respectively.  Once again, the reference loads can be applied 
in another set of equations to determine the slowly changing loading on a bridge, as follows: 
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                                             (30) 
                                                          (31) 
where cr is a reduction coefficient (recommended value of 0.4), ch-va and cv-va are empirical 
coefficients for the horizontal and vertical slowly varying load, respectively, and N is the number 
of girders in the bridge span.  This method was utilized in a case study of the US 90 bridge 
across Biloxi Bay.  It was shown that the wave loading on the bridge decks were enough to cause 
the observed damage.  This method and the results were referenced in the U.S. Department of 
Transportation Federal Highway Administration publication, Highways in the Coastal 
Environment, Second Edition.  
2.3.4 Integrated Approach (Cuomo et al. 2007) 
Cuomo et al. also developed a new approach to determining the wave loadings on the 
different parts of deck structures.  The authors developed a method that begins with 
dimensionless force and pressure values.  This is done to make the generalization of results 
possible.  The dimensionless force, F
*
1/250, and dimensionless pressure, P
*
1/250, with a 1/250 
significance level can be seen below: 
                                        (32) 
                                                                (33) 
where Fqs 1/250 is the quasi-static component of the force, Pqs 1/250 is the quasi-static component of 
the pressure, ρw is the density of water, g is the acceleration of gravity, Hs is the significant wave 
height, A is the area of the deck exposed to the wave, a and b are empirical coefficients, d is the 




Values for the coefficients, a and b, in Equations 32 and 33 can be found in Table 3 
below.  These values are meant for use when there are positive loads on the bridge structure. 
Table 3:  Values of a, b, R2, and sε for Equations 32 and 33 (Positive Loads: kPa and N) 
(Cuomo et al., 2007)  
 
where N is the structure configuration of number side panels (3 dimensional), P is the 
configuration with side panels (2 dimensional), and FD is the flat deck structure.  In table 4, 
values for the coefficients, a and b, for Equation 33, while the bridge is under a negative loading, 
can be found. 
Table 4:  Values of a, b, R
2
, and sε for Equation 33 (Negative Loads: N) (Cuomo et al., 
2007) 
 




qs1/250, the following equation can be used to determine the 
design (quasi-static) loading, Fqs 1/250: 
                                           (34) 
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The researchers also developed a method for determining the impact loading on the 
different elements of bridge structures.  These are shown in the equations below: 
                                                     (35) 
                                      (36) 
where F
*
max 1/250, and Fmax 1/250 are the dimensionless and dimensioned impact loading on the 
bridge element, respectively.  The value of coefficient, a, for use in equation 35 can be 
determined with the table below. 
Table 5:  Values of a, R
2
, and sε for Equation 35 (Impact Loads: N) (Cuomo et al., 2007) 
 
Through the use and variation of coefficients and the equations previously discussed, both the 
quasi-static and impact loads can be determined.   
2.3.5 AASHTO Guidelines (2008) 
In 2008, the American Association of State Highway and Transportation Officials 
(AASHTO) established the Guide Specifications for Bridges Vulnerable to Coastal Storms.  This 
document lays out design methodologies and theories for designing bridges in coastal 
environments.  It also provides new guidance on the calculation of wave forces acting on bridge 
decks under wave loading. 
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The first guidline is the establishment of clearance requirements and mitigation methods.  
The guidelines determined that a one foot clearance over the 100-year design wave crest 
elevation should be provided, if possible.  If not possible, the bridge should be placed at the 
highest elevation possible, and the following methods should be utilized to reduce the wave 
forces placed on the bridge decks:  designing open or sacrificial paraphets, venting the cells and 
the diaphragms to reduce the amount of air entrapment, designing continuous structures to 
increase the reactive force of each single span, and designing slab bridges (solid or voided) to 
minimize bouyancy forces.  Figure 13 shows the required areas of venting holes given a certain 
volume of air. 
 
Figure 13: Required Venting Hole Area for a Determined Volume of Air (AASHTO 2008) 
There are three force scenarios that can be designed for with this guidance: full wave 
load, partial wave load, and submersible superstructure design.  Full wave load designing is 
designing the bridge deck to resist the entire loads calculated.  Partial wave load designing is 
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sacrificing the bridge superstructure (allowing for breakaway) at a certain loading lower than the 
full wave load.  This can be done if designing for the full wave load is unnecessary due to cost or 
structure importance, however separated superstructures can cause damage to bridge 
substructures.  Submersible superstructure design is designing the bridge superstructure to be 
completely inundated at the design water/wave elevations. 
There are also three different load cases that should be considered.  Load Case I is a 
situation that can be seen in Figure 14, below.   
 
Figure 14: Load Case I (AASHTO 2008) 
This load case calculates the maximum vertical force, Fv-max, the horizontal quasi-static force, FH-
AV, the moment, MT-AV, and the vertical slamming force, Fs.  It is typically used for designing the 
resistance against vertical separation.  For the maximum quasi-static vertical force, FV-MAX 
(kips/ft), the following equations can be used: 
 
                               (37)  
                                                (38) 
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                                                          (39) 
                                                             (40) 
where γw is the unit weight of water, Zc is the distance from the bottom of the bridge to the storm 
water level, ds is the water depth is the water depth, Hmax is the maximum probable wave height, 
TAF is the entrapped air factor, and λ is the wave length.  The β and b terms, along with 
requirements and other information on the variables in these equations, can be found in the 
AASHTO Guide Specification.  The vertical slamming, or impact, force (kips/ft) can also be 
found using the equations below: 
                                                 (41) 
                              (42) 
where ηmax is the distance from the storm water level to the wave crest.  Horizontal forces must 
also be computed, to have a complete design.  The horizontal quasi-static force, FH-AV (kips/ft), 
can be calculated using the following equations: 
 
                                                     (43)  
 
                                               (44) 
                                                    (45) 
where db is the girder height and deck thickness sum, W is the bridge width, and r is the rail 
height.  The “a” coefficients are dependent on the girder type and can be found using a table in 
the Guide.  The last loading in this load case is the moment about the trailing edge, MT-AV (kip-
ft/ft), and can be calculated using the equation below: 
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       (46) 
where am, bm, and cm are coefficients, W’ is the horizontal overhang, and W
*
 is a variable 
determined in the guide. 
Load case II is a scenario as seen in Figure 15. 
 
Figure 15: Load Case II (AASHTO 2008) 
This load case calculates the maximum horizontal force, FH-max, the vertical quasi-static force, 
FV-AH, the moment, MT-AH, and the vertical slamming force, Fs.  Load Case II is usually used to 
design the horizontal resistance.  The maximum horizontal wave force is found using the 
equations below: 
          (47) 
                              (48) 
where ω is a situational variable, and more information can be found in the AASHTO guide 
specifications.  The associated quasi-static vertical force, FV-AH (kips/ft), is determined through 
the following equations:  
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        (49) 
                                         (50) 
where α is a situational variable determined in the guide.  The vertical slamming force in this 
load case is the same as in load case I.  The last loading, the moment about the trailing edge, MT-
AH (kip-ft/ft), is determined below: 
                                 (51) 
                          (52) 
where all of the variables are the same as in previous equations. 
Load case III is shown below: 
 
Figure 16: Load Case III (AASHTO 2008) 
This load case utilizes prorated forces from Load Cases I and II and applies them at the center of 
exposed areas.  The forces determined in Load Case I, as well as the forces determined in Load 
Case II, must be considered for Load Case III. 
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3. METHODOLOGY AND EXPERIMENTAL SETUP 
 This research involves performing experiments to achieve the research objectives and 
reach the appropriate conclusions.  The experiments include the fabrication of some items, as 
well as the use of other physical tools.  The methodology and experimental setup of this research 
are discussed below. 
3.1 Experimental Components 
There are several components that are used in the experimental part of this research.  
These are discussed in more detail in the sections below. 
3.1.1 Moog Shake Table 
A Moog Shake Table is used to create waves in the water tank.  This is done by 
programing excitation history files and sending them to the shake table control computer.  The 
shake table has six degrees of freedom: roll, pitch, yaw, sway, surge, and heave movement.  The 
movements are controlled by six electromechanical actuators.  These actuators connect to the 
bottom of a triangular steel platform and move the platform and anything attached to it, up to one 
thousand kilograms.  There are limits to the movements of the table, and these can be seen in 
Table 6.  The excitation displacements, for these experiments, do not approach the limits of any 
of the degrees of freedom, except “heave,” which is nearly at the maximum for some excitations. 
The experiments conducted in this research will only be using sway, or lateral, 
excitements with heave offsets to create the different bridge clearances.  Figure 17 shows the 






Table 6: Limits of the Moog Shake Table 
















Sway -38.1 cm 38.1 cm 
Surge -38.1 cm 38.1 cm 
Heave 0 in 45.72 cm 
 
 
Figure 17: Shake Table and Wave Tank Assembly 
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3.1.2 Load Cell 
The AMTI Load Cell used is model MC3A.  It uses bonded strain gage transducers and 
has high stiffness and sensitivity.  It has maximum loads, which can be seen in Table 7. 
Table 7: Limits of the AMTI Load Cell 
Force/Moment Rated Maximum Load 
Fz 1000 lb 
Fx 500 lb 
Fy 500 lb 
Mx 1000 in-lb 
My 1000 in-lb 
Mz 1000 in-lb 
 
The experiments during this research do not approach these maximum load ratings, so damaging 
the load cell from overloading is not a concern.  Figures 18 and 19 show a picture of the load cell 
and its connection with the frame used in this research.   
 




Figure 19:   Load Cell Connection to Frame 
3.2 Methodology   
This study begins with a simplified bridge deck, in the form of a flat plate.  A Moog 
Shake Table and the Advanced Mechanical Technology, Inc. (AMTI) Load Cell are used to 
create waves and collect the corresponding data.  Initially, the flat plate is suspended inside a 
water tank which sits on the Shake Table.  The Shake Table creates a wave which makes contact 
with the plate.  The water depth inside the tank is set at a constant height, with the tank itself 
being raised to different levels to create variable clearances.  Five deck clearances are also 
considered: three clearances where the deck is above the water level, one clearance where the 
deck is at the same height as the water level, and one clearance where the deck is below the 
water level. 
Additionally, changes to the deck supports are implemented to determine the mitigation 
abilities of more flexible supports. There are also physical changes made to the flat plate deck, 
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and then the wave experiments are repeated.  These changes to the deck are the additions of 
bridge rails and girders, independently and then together.  Finally, the deck is replaced with a 
bridge model based on a typical closed bridge deck from I-10 over Mobile Bay, at an 
approximate 1:30 scale.  This model is testing first with an open girder design, and then with a 
closed girder design.  The closed girder design is achieved by creating end diaphragms for the 
bridge deck and created an air-tight seal at the bridge ends.  The 1:30 scale is followed as much 
as possible, given the limitations of available acrylic thicknesses and approximate cutting losses.  
More physical changes are applied to the completed I-10 bridge deck and supports to determine 
if flexible supports or venting holes are successful in reducing the experienced forces.  Figures 
20, 21, 22, and 23 show a dimensioned drawing of the cross section of I-10 over Mobile Bay, a 
list and diagrams of the tested bridge models, a dimensioned drawing of the scaled model, and 
the force and moment positive orientations.   
 
 




Figure 21: Tested Bridge Decks 
 
Figure 22: Dimensioned Scale Model 
 
Figure 23: Model with Force and Moment Positive Orientations 
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As the experiments are conducted, data is analyzed to assess the validity of the results.  
The results from each set of experiments are compared to the results after the previously 
discussed changes are implemented.  This analysis allows for a comparative conclusion on the 
validity and applicability of the tested methods of mitigation.  Figures 24 through 31 show each 
of these tested bridge decks, which are marked, and a typical wave impacting them from a 3cm 
clearance.   
Table 8 shows the checklist created for keeping track of the completion of the planned 
experiments.  There are two excitations that are followed by the shake table, however this table 
only shows the experiment checklist for the small displacement, large duration excitation of 
±0.254cm for 120seconds.  The displacement in the excitations are on the lateral axis of the 
bridge deck and follow a sin-wave pattern at a frequency of 0.6808Hz.  The excitation 
determination is more thoroughly discussed in Chapter 4. 
 




Figure 25: Deck with Bridge Rails Impact at 3cm Clearance 
 




Figure 27: Full Deck (open) Impact at 3cm Clearance 
 




Figure 29: Full Deck (closed w/support gaps) Impact at 3cm Clearance 
 




Figure 31: Full Deck (closed w/large venting holes) Impact at 3cm Clearance 
 
Table 8: Experiment Checklist for One Excitation 






























1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 
Clearance                                 
7cm X X X X X X X X X X X X X X X X 
5cm X X X X X X X X X X X X X X X X 
3cm X X X X X X X X X X X X X X X X 
0cm X X X X X X X X X X X X X X X X 




3.3 Physical Experimental Setup 
The physical setup of the experiments is mostly constant throughout the testing process.  A large 
steel frame was constructed around the shake table and water tank to serve as the support 
connection for the bridge models.  Each bridge model has two 1.905 cm holes drilled to 
accommodate two threaded support bars, which are 121.92cm long.  The bridge model is held in 
place with two nuts per bar threaded on the support bars on top and bottom of the model.  These 
bars then attach to a steel plate above the water tank.  This steel plate is attached to the AMTI 
Load Cell, which is connected to the separate steel frame surrounding the water tank.  The bridge 
and frame part of the experimental setup will change only based on the desired bridge deck 
clearance and the bridge model desired for testing.  The other main components of the 
experimental setup are the shake table and water tank.  A Moog Shake Table is set up in the 
laboratory, along with a large square tank sitting on top of the shake table.  This tank is 
connected to the shake table via four load cells bolted to each corner of the water tank and bolted 
to the shake table itself.  This tank is filled with 21.75cm of water to produce the wave when 
excited.  For the different tested clearances, the only variable that must change is the heave offset 
of the shake table.  This method allows the bridge deck to be unchanged from experiment to 
experiment.  It also allows the water depth to remain constant.  These two factors greatly reduce 
the amount of human error in the experiments and greatly increase the repeatability.  The 
completed set-ups, both planned and as-built, can be seen in Figures 32 and 33.  
The clearance of the bridge decks are changed by adjusting the “heave” of the shake 
table.  This is the vertical offset of the table, and by changing this value, the tank will raise and 
lower the entire tank.  This allows the clearance to change without having to adjust the model or 




Figure 32: Complete Set-Up, Planned and As-Built (Side View) 
 
Figure 33: Complete Set-Up, Planned and As-Built (Front View) 
 
3.4 Data Acquisition Method 
A MATLAB program is used to create excitation history files for the shake table to 




Figure 34: Joystick Maker Program Interface (Small Displacement and Long Duration) 
 
Figure 35: Joystick Maker Program Interface (Large Displacement and Short Duration) 
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This interface creates the joystick, or excitation history, files based on what parameters 
are defined by the user.  These excitation history files are loaded into the shake table controlling 
computer and are carried out by the table.  While the shake table is being excited, and the water 
inside the tank is impacting the bridge model, a Gould Data Acquisition System collects the data 
from the load cell connected to the bridge model supports.  The Gould Data Acquisition System 
graphs all six degrees of freedom simultaneously, with a measuring frequency of 100 Hz, with an 
input filter of 25 Hz.  These two values assure complete and thorough force and moment 
histories, while still filtering out excessive noise.  The interface of this system can be seen in 
Figure 36. 
 
Figure 36: Gould Data Acquisition System Interface 
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The data collection is manually triggered, and then it is stopped either manually or after a 
set amount of time.  This data file is saved on the acquisition unit automatically, but it is 
exported onto the main computer for analysis.  An example raw data sheet can be seen in Figure 
37. 
File:    F:\Bridge Deck\Sample.txt 
Created: Tuesday, September 20, 2011 2:59:11 PM 
Header time format: Absolute 
Time of first sample: 262 15:01:57.0599999 
Title:    
 
Time A1_5166Fx A2_5166Fy A3_5166Fz A4_5166Mx B4_5166Mz C4_5166My 
s   lb           lb     lb  in-lb  in-lb   in-lb 
0 1.55787 1.8679 -0.697555 3.92181 1.29435 2.15467 
0.01 1.63538 1.66638 -0.790563 3.98382 1.29435 2.24768 
0.02 2.11592 2.34844 -0.480538 4.38685 1.61988 2.27868 
0.03 0.333277 0.550294 -0.790563 2.92973 0.488289 1.50362 
0.04 1.51137 1.9454 -0.201516 3.89081 1.23235 2.06166 
0.05 0.534793 0.87582 -0.697555 3.17775 0.736309 1.59663 
0.06 -0.100758 0.0542543 -1.06959 2.68171 0.813815 1.72064 
0.07 1.79039 2.05391 -0.170514 4.23184 1.15484 2.03066 
0.08 0.767311 0.922323 -0.294523 3.51878 0.87582 1.72064 
0.09 1.34086 1.63538 -0.418533 4.04582 1.43386 2.06166 
0.1 1.38736 1.40286 -0.356528 3.85981 0.813815 1.72064 
0.11 0.736309 0.829316 -0.697555 3.48778 0.87582 1.78264 
0.12 1.65088 1.8369 -0.325526 4.13883 1.26335 1.93765 
0.13 0.643301 0.6278 -0.63555 3.30176 0.6278 1.59663 
0.14 0.674304 0.782812 -0.387531 3.39477 1.04633 2.03066 
0.15 1.79039 1.9454 0.170514 4.20083 0.937825 1.87565 
0.16 1.04633 1.04633 -0.108509 3.54978 0.968827 1.87565 
0.17 1.23235 1.37186 -0.170514 3.67379 1.06183 1.99966 
0.18 1.43386 1.48037 -0.139511 3.7978 0.860318 1.78264 
0.19 0.999829 1.12384 -0.0465037 3.48778 0.860318 1.90665 
0.2 1.79039 1.9144 0.139511 4.32484 1.35636 2.34069 
Figure 37: Example Raw Data File 
This sample data file only shows the first 0.2 seconds of the collection.  This raw data is 
read by a MATLAB program, and each force/moment is graphed with respect to time.  These are 
the graphs that are analyzed to draw comparisons and conclusions to the experiments. 
Using this data acquisition method, along with the minimal adjusting of the bridge 
models and wave tank, yields very reproducible results.  Figures 38 through 43 show the two 
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trials of an experiment during this research.  These are an example of the repeatability of the 
results found throughout the study.  More raw data files can be found in the Appendix. 
 
Figure 38: Trial Comparison of Fx 
 
Figure 39: Trial Comparison of Fy 
 




Figure 41: Trial Comparison of Mx 
 
 
Figure 42: Trial Comparison of My 
 
 





The objectives of this research are as follows: 
 Determine the wave forces experienced by bridge decks of varying type, shape, 
and clearance. 
 Determine the factors that the different components (i.e. girders, bridge rails, etc.) 
of a bridge deck have on the experienced forces. 
 Study existing and new methods of mitigating the damage caused by wave forces. 
3.6 Scope of Study 
This research will focus on two types of bridge decks: slab and beam.  These two types 
are representative of a large portion of bridges in the United States and will provide more 
generalized results that could be applicable for many bridges.   
This study will not consider the wave forces acting on the support piers.  As discussed in 
the review of earlier research, simply stiffening the bridge may not be safer due to load increases 
in other areas of the structure.  Therefore, this study will mainly focus on changes to the bridge 
deck shape and support connections to mitigate damages.  The most common damage type is 
unseating, and so the (impact and slowly changing) vertical forces experienced by the deck will 
be the main focus of the research.  However, horizontal loading will be studied, and attempts to 
lessen the vertical component will take the consequential horizontal component changes into 
account.   
Using the available equipment, the tests will take place in a water tank.  The results may 
not be exactly those that previous studies have found using wave flumes or wave basins, 
however there should be enough reliable data to conduct relative and comparative analysis. 
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4.  DATA ANALYSIS 
The ultimate goal of this research is the analysis and comparative results of experimental 
tests.  Therefore, the experiments themselves must be carefully planned and executed.  This 
section will discuss the experimental ideas and also the results of the testing. 
4.1 Excitation Variability 
One of the first steps of this research was to determine a suitable excitation history for the 
shake table to follow.  It was determined that the water movement would be most uniform and 
predictable if the shake table moved at the natural frequency of the tank with water in it, to 
generate resonant vibration.  This frequency was calculated using the formula seen below 








                                                             (53) 
where ωs is the radian frequency, g is the gravitational constant, L is the length of the water tank, 
and h is the water depth within the tank.  The determined frequency for 21.75 cm water depth 
was 0.6808 Hz.  Using this frequency, the next step was to determine an appropriate 
displacement value.  This would determine how much the tank moves during the excitation.  
After a series of trials, a value of ±0.254 cm displacement from center was determined to be 
sufficient to produce large waves during the two-minute excitation time but not so large that it 
created overly large waves or swirling within the tank. 
 These excitations at the resonant frequency produce a wave that has a wavelength, λ, of 
two times the lateral length of the tank, L, which is 1m.  The result is a wavelength of 2m.  This 
was found through derivation, which is shown in the appendix.  This length, when multiplied by 
the 1:30 scale, yields a “real” wavelength of 60m.  This value is less than the typical wavelengths 
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during hurricane events: 100m or greater.  Although, the typical values are different, this smaller 
wavelength still yields appropriate results for this relative study.  
4.2 Clearance Variability 
The clearance of the bridge deck is the most important and obvious change that each 
experiment undergoes.  The experimented clearances have to be appropriate to the study, while 
giving proper data to analyze.  Therefore, preliminary tests were carried out to determine the 
usable clearances.  The first consideration is the water depth.  One of the factors for determining 
the proper water depth was the length of the threaded rods connecting the bridge deck to the load 
cell and supporting frame.  The threaded rods are 121.92 cm long, so the water level had to be 
deep enough to provide the five clearances that were going to be tested.  However, the water 
could not be too deep otherwise the wave developed a swirling within the tank, thereby not 
providing the waves or the angle of impact that was desired.  A limiting factor was the amount of 
vertical offset that the shake table could provide, while still allowing for the excitation histories 
to be carried out.  Some preliminary experiments were performed to determine the clearance that 
would yield a wave as close to the bottom of the flat deck, without actually coming in contact 
with the model.  This clearance was 7cm.  Since one of the desired results was the determination 
of how wave forces change as the clearance changes, four more clearances were tested: 5cm, 
3cm, 0cm, and -2cm.  These clearances would give a proper force-clearance comparison, both in 
examining the clearance effect on wave forces and examining the component effect on wave 
forces. 
4.3 Testing Revision 
Throughout the tests, it was observed that the bridge models actually had an effect on the 
wave generation, with the bridge models that had girders having more of an effect than those 
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without.  Although the data comparison can still be performed and conclusions are still valid, this 
change in wave generation must be considered.  It was determined that a new excitation history 
which was shorter in time but larger in displacement would produce waves that were not as 
affected by the bridge models.  The new excitation was determined to be ±2.54 cm displacement, 
still at the natural frequency of the tank with water.  This new excitation was only 2.5 seconds 
long, so that the wave would be sufficiently, but not unreasonably, large. 
4.4 Data Analysis and Comparison 
This section shows the data that was found in the course of experiments.  The graphs and 
comparisons are performed on the data from the load cells.  This data will show the effects that 
both clearance and bridge type have on the experienced forces.  Both the long duration, small 
displacement excitation along with the short duration, large displacement forces will be 
compared.  The three force components that will be compared will be Fy, the lateral force, Fz, 
the vertical force, and Mx, the overturning moment.  A sample of the MATLAB program that 
was used to plot all of the data can be seen in Figure 44. 
%%%%Impact Test%%%% 
%%%%Trial #1 Clearance of 3cm: Full Deck-Closed%%%% 







axis([12.5 45 -10 10]) 
xlabel('Time (s)','fontname','times new roman','fontsize',16); 
ylabel('Fx (lb)','fontname','times new roman','fontsize',16); 
title('Impact Full-Closed Deck 21.75m Water Height, 3cm Clearance, Trial 1','fontname','times 
new roman','fontsize',16); 
set(gca,'fontname','times new roman','fontsize',16,'linewidth',2) 
Figure 44: Sample MATLAB Plotting Program 
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4.4.1 Lateral Forces 
The lateral forces that a bridge deck experiences are a large cause of damage/failure.  
These are the forces that must be sufficient to push the bridge laterally along the supports, 
unseating the deck.  In these experiments, “maximum” and “minimum” simply refer to the 
maximum positive and maximum negative forces measured by the load cell, with positive and 
negative relating to the direction of the force.  
4.4.1.1 Long Duration, Small Displacement Excitation 
This section is a comparison of the forces measured during the excitation with ±0.254 cm 
displacement at 0.6808 Hz and a 120 second duration.  The bridge decks that are compared are 
the flat deck, deck with bridge rails, deck with girders, full deck with open girders, and full deck 
with closed girders.  The maximum and minimum lateral forces were graphed and can be seen in 
Figures 45 and 46. 
 




Figure 46: Minimum Lateral Forces vs. Clearance (±0.254 cm for 120 seconds) 
These graphs illustrate the impact that rails and girders have on experienced wave forces.  
It is important to remember the effect of the bridge deck on wave generation.  For clearances of 
3cm or less, the girders are already partially in the water when the excitation begins.  The girders 
absorb some of the energy from the water, and the generated waves are smaller and less uniform 
in these experiments.  For clearances of 0cm and -2cm, the bridge deck is partially or fully 
submerged for all the decks tested.  This submergence also affects the wave generation, as can be 
seen in the decreases that some of the graphs show as the clearance decreases.   
Even with these issues, some comparative observations can be made.  It is obvious that 
the girders decrease the clearance between the water level and the lowest part of the bridge deck, 
and therefore, the decks with girders added experience forces at the 7cm clearance, where the 
decks without girders do not.  Also, adding the rails and girders to the flat deck increase the 
lateral area for the wave to impact, thereby increasing the forces when the waves are large 
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enough to overtake the bridge deck and impact the rails and girders simultaneously.  However, 
there does not seem to be a relationship between girder configuration (open or closed) and the 
lateral wave forces measured.   
 4.4.1.2 Short Duration, Large Displacement Excitation 
This section is a comparison of the forces measured during the excitation with ±2.54 cm 
displacement at 0.6808 Hz and a 2.5 second duration.  The bridge decks that are compared are 
the flat deck, deck with bridge rails, deck with girders, full deck with open girders, and full deck 
with closed girders. 
Figures 47 and 48 show the relationships between the clearance distance and bridge type 
with the experienced lateral force.  There are positive and negative lateral forces, but these are 
simply directions for the waves to impact the bridge models.  Since the generated wave moves 
from one side of the tank to the other and back again, the bridge deck will experience wave 
impacts in both directions. 
These two figures demonstrate the direct relationship that as the clearance decreases, the 
forces detected increase.  All of the bridge decks experience an increase in maximum and 
minimum forces for every decreasing clearance, except for the clearance jump from 0cm to -
2cm, where all five bridge models show a decrease in measured forced.  This suggests that, at 
this clearance, all of the bridge decks do have an effect on the wave generation.  This is again 
due to the water level being within the bridge deck, although this excitation seems to create 
waves that are less affected by the bridge decks than those waves created by the long duration, 




Figure 47: Maximum Lateral Forces vs. Clearance (±2.54 cm for 2.5 seconds) 
 
Figure 48: Minimum Lateral Forces vs. Clearance (±2.54 cm for 2.5 seconds) 
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These graphs also show that, for this excitation, the decks without girders experience no 
forces for 7cm and 5cm clearances, while those decks with girders do, illustrating again that the 
simple clearance decrease caused by adding girders is an important factor in determining lateral 
wave forces.  These Figures show that closing the girder configuration does not appear to 
significantly impact the lateral forces.  The force in one direction (maximum) increased for the 
closed system but decrease for the other direction (minimum).  This can be attributed to the load 
cell simply being offset in its “zero-value.” 
4.4.2 Vertical Forces 
The vertical forces that a bridge deck experiences are a very complex combination of 
forces and pressures.  Unlike the lateral forces, where the wave impacts one side of the bridge 
deck first and then the other side, vertical forces can be both lifting upward on the underside of 
the bridge deck and pushing downward on the top of the bridge deck simultaneously.  In these 
experiments, “maximum” and “minimum” again refer to the maximum positive (pushing 
downward) and maximum negative (lifting upward) forces measured by the load cell.  It is 
important to note that this sign convention is the opposite of the sign convention discussed in 
earlier chapters.  The sign convention used in this experimentation is simply a result of the load 
cell’s sign convention. 
4.4.2.1 Long Duration, Small Displacement Excitation 
This section is a comparison of the forces measured during the excitation with ±0.254 cm 
displacement at 0.6808 Hz and a 120 second duration.  The bridge decks that are compared are 
the flat deck, deck with bridge rails, deck with girders, full deck with open girders, and full deck 
with closed girders.  The maximum and minimum vertical forces were graphed and can be seen 




Figure 49: Maximum Vertical Forces vs. Clearance (±0.254 cm for 120 seconds) 
 
Figure 50: Maximum Vertical Forces vs. Clearance (±0.254 cm for 120 seconds) 
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For these two figures, the decks with open girders tend to have similar minimum 
(upward) forces but lower maximum (downward) forces, compared to those without girders.  
This could be due to the effect that the girders have on wave generation.  This could also be 
explained by the girders allowing for more vertical forces to be experienced, as there is a vertical 
component of the wave impact on the girders.  This can be seen in Figure 49, where the bridge 
models with girders do not seem to experience the same force increases that the flat and deck 
with rails do as the clearance decreases.  With all of the bridges being more inundated and 
experiencing increasing positive forces from that mechanism, the reason that the models with 
girders do not see an increase in measured force is that those models must have another 
increasing force lifting up on the bridge deck and cancelling out that increasing inundation force. 
A glaring observation is the impact that the girder configuration has on the experienced 
vertical forces.  This is due to the air entrapment that is only present in closed girders.  This air 
entrapment makes the vertical uplift forces on the closed deck more than double those of the 
open deck, at the two lowest clearances.  Combining air entrapment with the already increasing 
negative forces provided by the girders, the closed bridge model is clearly the most at danger of 
being lifted off the supports.   
4.4.2.2 Short Duration, Large Displacement Excitation 
This section is a comparison of the forces measured during the excitation with ±2.54 cm 
displacement at 0.6808 Hz and a 2.5 second duration.  The bridge decks that are compared are 
the flat deck, deck with bridge rails, deck with girders, full deck with open girders, and full deck 
with closed girders.  The maximum and minimum vertical forces were graphed and can be seen 




Figure 51: Maximum Vertical Forces vs. Clearance (±2.54 cm for 2.5 seconds) 
 
Figure 52: Minimum Vertical Forces vs. Clearance (±2.54 cm for 2.5 seconds) 
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Figure 51 shows that the maximum (downward) forces on the bridges without girders are 
higher than those with girders, as the clearance decreases.  This is due to the fact that the girders 
again absorb some of the force that the generated wave carries, thus making it harder for the 
wave to inundate the deck.  This figure also shows that the uplift forces acting on the closed 
bridge model are large enough, at 0cm and -2cm clearances, to nearly offset or completely 
overtake the inundation force, respectively.  The bridge model at these clearances experience 
very little or no downward force, due to the increased uplift forces caused by air entrapment.  
Figure 52 shows the uplift forces acting on the bridge decks.  Here, the fully modeled bridge 
deck that is closed shows a much larger vertical force than the other, open, models.  This is again 
due to air entrapment in the closed bridge decks that is not present in the open models.  Similarly 
to the small displacement, long duration experiment, the vertical uplift forces on the closed deck 
are more than double those from the open girder configurations. 
4.4.3 Overturning Moments 
The overturning moments from these experiments are relative to the measuring point, the 
load cell.  This means that the moments measured during experimentation are not the actual 
overturning moment at the bridge deck location, but at the end of the support rods.  This yields 
higher moments than would be present at the bridge deck itself, but the raw measured moments 
were used for consistency and comparison means. These moments are the results of the 
horizontal forces pushing the bridge deck, thereby creating a moment at the connection to the 
load cell.  There is also a vertical force contribution to this moment, because, as the vertical 
forces impact different areas of the bridge model, those forces also create an overturning 
moment.  This contribution, however, is likely much smaller than the contribution of the lateral 
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forces.  Like the lateral forces, these moments are measured as “maximum” and “minimum,” 
meaning that each is a maximum moment measured in that respective direction.  
4.4.3.1 Long Duration, Small Displacement Excitation 
This section is a comparison of the moments measured during the excitation with ±0.254 
cm displacement at 0.6808 Hz and a 120 second duration.  The bridge decks that are compared 
are the flat deck, deck with bridge rails, deck with girders, full deck with open girders, and full 
deck with closed girders.  The maximum and minimum overturning moments were graphed and 








Figure 54: Minimum Overturning Moment vs. Clearance (±0.254 cm for 120 seconds) 
From these two Figures, it appears that the closed girders have a substantial impact on the 
experienced moments at the 0cm clearance.  When the clearance is at any other value, the closed 
girder bridge model shows moments that are very close to those of the open girder bridge model.  
It also seems that the bridge rails do allow for a significant increase in the experienced moments, 
as the models that have both girders (open or closed) and bridge rails have a much higher 
overturning moment at a -2cm clearance, even though adding bridge rails to the girder only 
model would have impacted the wave formation.  The drastic increase in overturning moments 
on the deck with rails model at the 3cm clearance is again due to the lack of girders allowing for 
a larger wave to form during the experiment. 
4.4.3.2 Short Duration, Large Displacement Excitation 
This section is a comparison of the overturning moments measured during the excitation 
with ±2.54 cm displacement at 0.6808 Hz and a 2.5 second duration.  The bridge decks that are 
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compared are the flat deck, deck with bridge rails, deck with girders, full deck with open girders, 
and full deck with closed girders.  The maximum and minimum overturning moments were 
graphed and can be seen in Figures 55 and 56. 
 
Figure 55: Maximum Overturning Moment vs. Clearance (±2.54 cm for 2.5 seconds) 
 
Figure 56: Minimum Overturning Moment vs. Clearance (±2.54 cm for 2.5 seconds) 
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Figures 55 and 56 show a much more consistent plotting of the overturning moments than 
Figures 53 and 54 do.  These two figures show a very clear separation between the models with 
girders and those without.  The girders in all cases produce a much higher moment at the 
support.  This is due to the increased lateral area, which allows more of the wave to impact the 
deck.  Another observation, which is in contrast with the small displacement, long duration 
experiment, is the closed girders seem to have a negligible impact on the measured overturning 
moments, regardless of clearance.  This is in agreement with Figures 45, 46, 47, and 48, where 
there is no relationship between the observed lateral forces and the girder configuration.  Since 
the lateral forces are the main source of the overturning moments, this outcome is expected. 
4.4.4 Methods of Damping  
Although these tests have yielded some comparative results on the impact of clearance 
and bridge components on the experienced forces and moments due to wave impacts, there are 
also methods of damping that are also important to test under those same conditions.  The two 
methods of damping the bridge models to reduce damages that are tested in this research are: 
allowing for some lateral and rotational movement at the bridge model supports and using 
venting holes in the girder diaphragms.   
The first method, allowing for some movement at the supports, is thought to reduce the 
measured forces and moments, because allowing the deck to move, in a controlled way, will let 
the bridge model move with the wave as opposed to resist the entirety of the wave force.  
However, this will also increase the displacements associated with those wave forces, which 
could lead to earlier failure than the fixed connections. 
The second method, using venting holes to release some of the entrapped air, should 
reduce the experiences forces and moments, because, for those situations where the entrapped air 
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increased the applied forces, letting that air have a path of escape should decrease the amount of 
entrapped air and thereby reducing the force increases due to that air.   
4.4.4.1 Damping with Support Movement 
This section examines the validity of using controlled support movement to reduce the 
measured wave forces on the closed bridge deck.  The method for allowing movement was to 
loosen the bolts connecting the rod supports from the bridge deck to the support plate and load 
cell.  They were tightened to the point of touching the underside of the steel plate.  Since there 
are 2.54 cm diameter holes in the support plate, but only a 1.905 cm diameter rod connected 
through it, a gap of 0.635 cm was provided.  This gap, along with the looser bolt connection 
allowed the bridge deck to move horizontally if enough lateral force was applied and also rotate 
with respect to the overturning moment.  However, the vertical movement of the bridge deck was 
restricted and kept at a minimum value due to the bolts being in contact with the steel plate. 
To accurately test this damping technique, the large deflection, short duration excitation 
was used.  This is due to the two support rods being able to move independently, and therefore 
not necessarily staying perpendicular to the wave during the small deflection, long duration 
excitation history.   
4.4.4.1.1 Lateral Forces 
This section examines the changes in measured lateral forces when support movement is 
allowed.  Like the previous experiments, “maximum” and “minimum” refer to the maximum 
positive and maximum negative forces measured by the load cell, with positive and negative 




Figure 57: Maximum Lateral Forces vs. Clearance, Movement Allowed, (±2.54 cm for 2.5 
seconds) 
 




These figures show that allowing some movement at the supports does not seem to have 
much of an effect on the observed lateral forces at 7cm, 5cm, 3cm, or 0cm clearances.  However, 
at -2cm clearance, both the maximum and minimum lateral forces increase for the full deck with 
movement allowed, where the other two bridge models experienced a decrease in lateral forces.  
This is because the permitted movement allows the bridge deck to move with the wave, 
decreasing the impact that the bridge deck has on the wave generation.  The effect of the bridge 
deck on wave generation was the cause of the decrease in experienced forces, and so a reduction 
in the bridge deck resistance to wave motion increases the wave size and therefore the lateral 
wave forces. 
4.4.4.1.2 Vertical Forces 
This section examines the changes in measured vertical forces when support movement is 
allowed.  Similarly to the previous experiments, “maximum” and “minimum” refer to the 
maximum positive (pushing downward) and maximum negative (lifting upward) forces 
measured by the load cell.  The vertical force results can be seen in Figures 59 and 60.  
Again, the allowance of movement in the bridge deck supports does not appear to impact 
the measured forced significantly.  The maximum (downward) force does seem to follow the line 
of the bridge deck with open girder configuration for 7cm, 5cm, 3cm, and 0cm.  This could be 
attributed to the allowed rotation of the bridge deck letting some of the entrapped air out of the 
girder cavity.  When the clearance gets to -2cm, though, the maximum vertical force is nearly 
identical to that of the fully closed bridge deck.  For the minimum (upward) forces, the full deck 
with motion allowed is most similar to the fully closed deck at all clearances except 0cm.  This 
can be attributed to the motion again reducing the impact that the bridge model has on wave 




Figure 59: Maximum Vertical Forces vs. Clearance, Movement Allowed, (±2.54 cm for 2.5 
seconds) 
 




4.4.4.1.3 Overturning Moments 
This section examines the changes in measured overturning moments when support 
movement is allowed.  These moments are measured as “maximum” and “minimum,” meaning 
that each is a maximum moment measured in that respective direction.  The results from this 
experiment can be seen in Figures 61 and 62. 
For these two figures, allowing movement of the supports shows almost no impact on the 
overturning moment.  Similar to the case of the lateral force, the only case where a clear impact 
is seen is at -2cm, where the overturning moments are much higher than those of the full deck 
with open or closed girder configuration.  This can again be credited to the movement allowing 
for less of an impact on wave production, which creates a larger wave.  It could also be due to 
the fact that as that wave hits the bridge model, the allowed motion creates an acceleration of the 
bridge deck, which increases the force required to stop that motion. 
 





Figure 62: Min Overturning Moment vs. Clearance, Movement Allowed, (±2.54 cm for 2.5 
seconds) 
4.4.4.2 Damping with Venting Holes 
This section examines the validity of using venting holes in the girder diaphragms to 
reduce the measured wave forces on the closed bridge deck.  Two different hole sizes were 
tested: 0.79375 cm and 1.27 cm.  These holes were drilled in the diaphragms between the 
girders.  These holes were placed in the center of the girder spacing as well as the center of the 
height of the area.  No other modifications were made to the bridge deck or the fixed support 
system. 
Once again, the large deflection, short duration excitation was used to provide the most 
applicable results.  
4.4.4.2.1 Lateral Forces 
This section inspects the changes in measured lateral forces when venting holes are 
provided.  Again, “maximum” and “minimum” refer to the maximum positive and maximum 
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negative forces measured by the load cell, with positive and negative relating to the direction of 
the force.  The results can be seen in Figures 63 and 64. 
 
Figure 63: Maximum Lateral Forces vs. Clearance, Venting Holes, (±2.54 cm for 2.5 
seconds) 
 




Figures 63 and 64 show the venting holes as having very little impact on the maximum or 
minimum lateral forces experienced by the bridge decks.  This is expected, as air entrapment was 
not seen to have a significant effect on the lateral forces, so a reduction in air entrapment would 
be inconsequential. 
4.4.4.2.2 Vertical Forces 
This section examines the changes in measured vertical forces when venting holes are 
provided.  Again, “maximum” and “minimum” refer to the maximum positive (pushing 
downward) and maximum negative (lifting upward) forces measured by the load cell.  The 









Figure 66: Minimum Vertical Forces vs. Clearance, Venting Holes, (±2.54 cm for 2.5 
seconds) 
These two figures show that the venting holes do have an impact on the vertical forces 
that a bridge deck undergoes.  For 7cm, 5cm, and 3cm clearances, the venting holes seem to not 
play a role in increasing or decreasing the experienced forces, as air entrapment is not as 
important of a mechanism for these clearances.  However, at 0cm and -2cm, where the air 
entrapment effect is most noticeable, the venting holes provide a significant reduction in the 
force due to air entrapment.  The models with venting holes yield forces that are between the 
fully open and fully closed girder configurations, at these clearances.  This is expected, as the 
venting holes are at the midpoints of the girder depths.  This location of venting holes, 
theoretically, reduces the amount of entrapped air by half of the fully closed system, since the 
holes allow for half of the girder depth to be filled with water, instead of air.  The larger, 1.27 
cm, holes did produce a slight reduction in the forces, when compared to the smaller, 0.79375 
cm, holes.  However, simply drilling the holes created the largest force reduction in the testing.  
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Therefore, there may be diminishing returns on hole size and decrease in vertical forces 
experienced.  There is also a consideration that must be made between the venting hole size and 
the loss of strength of the diaphragms resulting from the drilling of these holes. 
4.4.4.2.3 Overturning Moments 
This section examines the changes in measured overturning moments when venting holes 
are provided.  Again, “maximum” and “minimum” refer to the maximum overturning moments 
experienced by the bridge model in each of the two directions.  These graphs can be seen in 
Figures 67 and 68. 
These figures, like those of the lateral forces, show that the venting holes do not have any 
significant effect on the measured overturning moments.  This is an expected result, as changing 
the girder configuration also did not have an effect on the observed overturning moments.   
 









4.4.5 Example Graphs and Other Measured Forces and Moments 
Although the Fy (lateral), Fz (vertical), and Mx (overturning moment) forces and 
moments were the only ones considered as pertinent for this comparative analysis, forces for Fx 
(longitudinal), My (longitudinal moment), and Mz (twisting moment) were measured.  These 
forces and moments were, in general, much lower than the forces and moments that were 
compared in detail.  This section shows and compares the graphs collected straight from the data 
acquisition machine.  Figures 69, 70, 71, 72, 73, and 74 are shown as follows. 
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Impact Full-Closed Deck 21.75m Water Height, 3cm Clearance, Trial 1
 
Figure 69: Example Graph of Fx (Longitudinal Force) 
















Impact Full-Closed Deck 21.75m Water Height, 3cm Clearance, Trial 1
 
Figure 70: Example Graph of Fy (Lateral Force) 
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Impact Full-Closed Deck 21.75m Water Height, 3cm Clearance, Trial 1
 
Figure 71: Example Graph of Fz (Vertical Force) 


















Impact Full-Closed Deck 21.75m Water Height, 3cm Clearance, Trial 1
 
Figure 72: Example Graph of Mx (Overturning Moment) 
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Impact Full-Closed Deck 21.75m Water Height, 3cm Clearance, Trial 1
 
Figure 73: Example Graph of Mz (Twisting Moment) 


















Impact Full-Closed Deck 21.75m Water Height, 3cm Clearance, Trial 1
 
Figure 74: Example Graph of My (Longitudinal Moment) 
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It is clear, when examining Figures 69, 70, and 71, the Fx forces (±2 lb) are much lower 
than the Fy (+7 lb and -8.5 lb) and Fz (+10 lb and -12.75 lb) forces when the wave impacts the 
bridge model.  The small forces that are apparent are a combination of the small longitudinal 
forces applied during a wave event and noise from the load cell output.  This comparison shows 
that, though there are some longitudinal forces present, these forces are not the primary forces 
applied to the bridge model. 
Examining Figures 72, 73, and 74, the difference between the measured moments is 
glaring.  There is a small moment measured in longitudinal moment direction (±20 in-lb), 
however it never reaches a value anywhere near that of the overturning moment (+170 in-lb and -
135 in-lb).  The twisting moment is even lower than the longitudinal moment (±6 in-lb).  This 
comparison shows that the overturning moment is obviously the controlling moment applied to 
the bridge model. 
4.4.6 Detailed Examination of Vertical Forces 
After analyzing the data, it is clear that the vertical forces are the most affected by air 
entrapment, and therefore mitigation techniques focus on reducing these vertical forces.  This 
section focuses on these forces and the mechanisms that are present in the bridge-wave 
interaction. 
Figures 75, 76, and 77 show the vertical force histories of the full deck with open and 
closed girder configurations for clearances of 3cm, 0cm, and -2cm.  Note that all the axes are not 




Figure 75: Vertical Force History of Full Deck (open and closed) at 3cm Clearance 
 
Figure 76: Vertical Force History of Full Deck (open and closed) at 0cm Clearance 
  
Figure 77: Vertical Force History of Full Deck (open and closed) at -2cm Clearance 
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All of these figures were the result of the large displacement, short duration excitation 
history.  Figure 75 shows that even when the girders are only submerged by 0.81cm, there is 
already an uplift (negative) force being applied due to the air entrapment.  This uplift is much 
more pronounced in the 0cm and -2cm clearances.  The open girders allow for most of the 
trapped air to escape, and so the initial uplift forces are much lower.  There is a 5 second delay 
between the water tank rising to the proper elevation and the wave generation beginning.  The 
excitation is 2.5 seconds long, so the wave impact that is examined most closely occurs 7.5 
seconds after the initial water level coming in contact with bridge deck.  When the wave is 
created and impacts the bridge deck, we again see that the air entrapment effect is obvious.  The 
closed bridge deck experiences much greater uplift forces, even during bridge deck inundation.  
This shows that the addition of the air entrapment creates so much uplift force that, even while 
being completely inundated, there is no net downward (positive) force.  After this 7.5 seconds, 
the water tank slowly lowers back down to the parked position.  This is the cause of the forces 
trending more towards the positive in the later times of the test.    
Figures 78, 79, and 80 show the vertical force histories of the full decks with closed 
girder configuration but with and without venting holes, again for clearances of 3cm, 0cm, and -
2cm.  Since the smaller venting holes produced the largest change in measured vertical force, 
they will be examined.  More typical data graphs for open and closed girder configurations can 
be found in the Appendix. 
These figures show the large effect that venting holes have on the experienced wave 
forces.  In Figure 78, the initial uplift forces are much lower in the bridge model with venting 
holes, due to the amount of entrapped air being much lower.  In Figures 79 and 80, this is again 
true.  The large amount of force variance initially after the water being raised into place is due to 
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the air bubbles escaping from the venting holes.  After this is complete and the wave is 
generated, the uplift forces are again much lower due to the amount of entrapped air being 
lowered.  The force histories of the vented bridge model look like a combination of the open and 
closed girder configurations, which shows the validity of the venting holes as a means of 
reducing the vertical forces applied during wave loading, thereby possibly reducing damages. 
 
 
Figure 78: Vertical Force History of Full Deck (closed without and with small venting 
holes) at 3cm Clearance 
 
Figure 79: Vertical Force History of Full Deck (closed without and with small venting 




Figure 80: Vertical Force History of Full Deck (closed without and with small venting 




5.  CONCLUSIONS 
This research has yielded both expected and unexpected results.  There were two forces and 
one moment that were considered for detailed comparisons: lateral forces, vertical forces, and 
overturning moments.  Two different excitations were also used in this research:   
 ±0.254 cm displacement for 120 seconds 
 ±2.54 cm displacement for 2.5 seconds 
Five different clearances between the still water line and the bottom of the bridge deck were 
also examined:  
 7 cm 
 5 cm 
 3 cm 
 0 cm 
 -2 cm 
The first objective of this research was to determine the effect of clearance on force and 
moment measurements.  This objective proved to be more difficult to complete as the data 
analysis was performed.  The bridge decks, especially those with girders, had an impact on the 
wave generation within the tank.  This created a lower wave height in these bridge models at the 
same clearance as those without girders, which, in some cases, resulted in lower observed wave 
forces.  Although this impact was not expected to be so large, this phenomenon was helpful in 
showing that the bridge deck does have an impact in wave generation.  This impact on wave 
generation was reduced when the excitation was changed to a larger displacement but shorter 
duration one.  Even after consideration of this reduced wave size, it was determined that there 
could still be a conclusion made about the clearance-force relationship.  For the clearances from 
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7 cm to 0 cm, the forces and moments increased as the clearance decreased, for nearly every 
bridge model.  From the 0 cm to -2 cm clearance, the forces and moments tended to actually 
lessen, due to that impact on wave generation. 
The second objective of this research was to determine the impact that girders and bridge 
rails have on the total force that the bridge models experience.  The most obvious impact that the 
girders have is the lowering of the clearance between the bridge model and the wave.  This was 
not the only effect that girders had.  They also increased the lateral forces in nearly every case, 
by up to three times as much as the same model without girders.  The bridge rails also increased 
the forces experienced by bridge models but to a much lesser degree.  These increases are due to 
the increase in lateral surface area of the bridge model, resulting in more locations for the wave 
to impact the model laterally.  The measured vertical forces were also changed due to the 
addition of girders.  This is due to the vertical component of the wave forces again have more 
surface area to impact when the girders were attached.  The addition of bridge rails, however did 
not seem to have much of an effect on the vertical forces.  For overturning moments, the girders 
again made a large impact, increasing the applied moments by up to three times.  The bridge rails 
also added to the overturning moments but not nearly the amount the girders did.  Overall, the 
addition of girders added to experienced forces and moments by the bridge decks in nearly every 
scenario.  These girders were the controlling factor in the measurement of wave forces.  Bridge 
rails did have a small impact, because of an increase in lateral surface area, but this impact was 
much smaller than that of the girders. 
In addition to this girder and bridge rail factor study, girder diaphragms were also considered 
in the experiments.  Closing the end of the bridge deck, by adding diaphragms, effectively 
trapped the air that was between the girders and bridge deck.  This air entrapment was found to 
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not have much of an effect for lateral forces or overturning moments.  However, the impact of air 
entrapment on the measured vertical forces was immediate and substantial.  Simply trapping the 
air, by having the water level at the bottom of the girders or higher, created a large amount of 
uplift from the buoyancy force.  This uplift force was then compounded by the wave 
compressing the air when the vertical motion of the wave impacted the bottom of the bridge 
deck.  The air entrapment increased the maximum uplift forces experienced by over twice as 
much as the open girder configuration.  At lower clearances, the air entrapment was able to 
produce large enough buoyancy and uplift forces to never allow the bridge model to experience 
an overall downward force.  Even though the air entrapment did not impact the lateral forces or 
overturning moments, these forces acting with the increased vertical uplift forces create a 
scenario in which bridge unseating is much more likely. 
The third objective of this study was to determine the validity of two different damping 
techniques for bridge decks at risk to extreme weather events.  The first method was to allow for 
some support horizontal support movement.  Some rotational motion was also allowed, while 
vertical movement was restricted.  The increased movement of the bridge deck did not seem to 
have any significant impact on lowering the measured forces or moments on the bridge model.  
At the -2 cm clearance, the forces and moments were actually greater in this model.  This is 
likely due to the bridge model being able to move with the wave, while it is being generated.  
This allowed the wave to become larger than when the supports were fixed, resulting in larger 
forces. 
The second damping technique considered was the drilling of venting holes in the girder 
diaphragms.  Two different diameter holes, 0.79375 cm and 1.27 cm, were considered.  This 
technique allowed for some of the entrapped air to escape, reducing the amount of air that was 
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being compressed between the wave and the bridge deck.  This method of damping proved very 
effective at reducing vertical uplift forces.  The lateral forces and overturning moments 
experienced were not affected, as the air entrapment, and therefore reduction of, did not have an 
impact on these forces.  Drilling the holes in the center points of the girder diaphragms produced 
vertical forces that were nearly exactly in between the forces measured in the open and closed 
girder configurations.  The larger holes did produce a further reduction in the vertical uplift 
forces; however, this reduction was not as large as the reduction from closed to small venting 
holes.  Overall, this method was very effective in reducing the uplift forces, which may be a 
simple way to make some bridge decks less likely to fail. 
5.1 Future Work and Recommendations  
For future work and recommendations on further research, the main improvement that 
could be made would be increasing the scale of the experiments.  Both the increase of the scale 
of the bridge model and the increase in the scale of the wave tank to a wave flume or basin 
would reduce the impact that the bridge deck had on wave generation.  This reduction would 
give a more uniform wave, thereby producing more predictable and realistic results.   
Another recommendation to this research would be add more water depths and 
excitations.  The water depths were controlled by physical limitations in the rod supports and 
shake table height.  It would provide more general results to have data from many shallow and 
deep water scenarios.  More excitations would also lead to more general results.  The change in 
the results from the two excitations, from this experimentation, was very large.  Adding more 
excitations could produce even more changes in results, leading to a more broad understanding 
of the wave forces. 
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For further research, the angle of impact between the bridge deck and the waves could be 
changed.  All waves do not impact bridge decks at a perpendicular orientation, so the changing 
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APPENDIX: ADDITIONAL TABLES, GRAPHS, AND FORMULAE 
Table 9: Data Analysis Table of Fy (±0.254 cm for 120 seconds) 






Trial 1 (lb) 
Maximum 
Force 















Flat Deck  7 0 0 0 0 0 0 
5 2.31 1.82 2.065 -1.52 -2.45 -1.985 
3 1.76 3.08 2.42 -5.3 -3.03 -4.165 
0 1.45 1.03 1.24 -4.74 -3.9 -4.32 
-2 1.68 2.09 1.885 -3.32 -3 -3.16 
Deck w/Rails 7 0 0 0 0 0 0 
5 1.56 1.73 1.645 -3.7 -3.51 -3.605 
3 4.69 4.83 4.76 -6.21 -6.76 -6.485 
0 5.4 4.9 5.15 -3.54 -3.1 -3.32 
-2 2.36 3.02 2.69 -4.77 -4.28 -4.525 
Deck w/Girders 7 5.91 6.53 6.22 -4.16 -4.36 -4.26 
5 6.13 6.05 6.09 -4.97 -5.77 -5.37 
3 3.84 4.02 3.93 -5.63 -5.18 -5.405 
0 4.91 4.58 4.745 -5.56 -5.22 -5.39 
-2 4.12 4.12 4.12 -4.44 -4.66 -4.55 
Full Deck (open) 7 5.37 5.06 5.215 -3.9 -4.54 -4.22 
5 6.66 5.94 6.3 -4.1 -5.42 -4.76 
3 5.5 5.65 5.575 -3.62 -4.38 -4 
0 6.67 6.16 6.415 -4.1 -4.12 -4.11 
-2 7.09 6.73 6.91 -6.24 -5.48 -5.86 
Full Deck 
(closed) 
7 6.24 6.15 6.195 -4.68 -4.86 -4.77 
5 6.04 6.39 6.215 -4.5 -4.91 -4.705 
3 5.23 4.64 4.935 -4.46 -3.93 -4.195 
0 7.58 6.85 7.215 -7.1 -6.76 -6.93 




Table 10: Data Analysis Table of Fz (±0.254 cm for 120 seconds) 
























Flat Deck  7 0 0 0 0   0 
5 2.31 -0.76 0.775 -1.91 -4.11 -3.01 
3 6.84 6.99 6.915 -1.1 -1.66 -1.38 
0 11.39 9.87 10.63 -2.34 -4.48 -3.41 
-2 4.57 3.95 4.26 -10.03 -9.07 -9.55 
Deck w/Rails 7 0 0 0 0 0 0 
5 1.29 4.23 2.76 -3.8 -1.69 -2.745 
3 9.6 12.9 11.25 -4.7 -3.05 -3.875 
0 15.65 16 15.825 -5.1 -5.5 -5.3 
-2 8.42 7.49 7.955 -7.05 -6.8 -6.925 
Deck w/Girders 7 3.64 4.38 4.01 -1.54 -1.27 -1.405 
5 3.14 3.32 3.23 -1.7 -2.1 -1.9 
3 2.62 1.54 2.08 -2.15 -2.65 -2.4 
0 3.21 3.02 3.115 -6.34 -6.25 -6.295 
-2 -5.35 -5.35 -5.35 -11.3 -11.27 -11.285 
Full Deck (open) 7 3.52 3.61 3.565 -1.38 -1.41 -1.395 
5 3.67 3 3.335 -1.6 -1.94 -1.77 
3 3.59 3.4 3.495 -1.43 -2.22 -1.825 
0 -0.08 0.45 0.185 -9.56 -9.35 -9.455 
-2 -5.96 -5.71 -5.835 -12.35 -12.5 -12.425 
Full Deck 
(closed) 
7 6.59 6.06 6.325 -1.69 -1.75 -1.72 
5 7.1 6.62 6.86 -1.76 -1.85 -1.805 
3 5.51 6.09 5.8 -12.19 -10.65 -11.42 
0 -8.74 -8.06 -8.4 -19.68 -18.05 -18.865 








Table 11: Data Analysis Table of Mx (±0.254 cm for 120 seconds) 




























Flat Deck  7 0 0 0 0   0 
5 20.6 21.65 21.125 -17.8 -26.55 -22.175 
3 55.79 54.2 54.995 -49.2 -48.66 -48.93 
0 44.6 41.8 43.2 -35.9 -40.9 -38.4 
-2 35.5 40.45 37.975 -43.14 -39.14 -41.14 
Deck w/Rails 7 0 0 0 0 0 0 
5 38.6 37.4 38 -38.4 -39.6 -39 
3 108 112.6 110.3 -107.9 -114.2 -111.05 
0 63.26 64.47 63.865 -66.83 -63.63 -65.23 
-2 50.24 46.9 48.57 -58.76 -61.15 -59.955 
Deck w/Girders 7 71.35 82.76 77.055 -125.02 -118.66 -121.84 
5 97.55 99.5 98.525 -110.4 -112 -111.2 
3 68.97 67.44 68.205 -69.3 -67.91 -68.605 
0 84.06 80.28 82.17 -63.32 -63.48 -63.4 
-2 69.62 69.4 69.51 -57.22 -57.22 -57.22 
Full Deck (open) 7 61.43 61.12 61.275 -113.8 -118.7 -116.25 
5 89.46 91.85 90.655 -103.28 -105.52 -104.4 
3 71.79 72.19 71.99 -70.73 -70.55 -70.64 
0 87.26 87.88 87.57 -73.21 -74.67 -73.94 
-2 112.8 106.94 109.87 -103.9 -109.5 -106.7 
Full Deck (closed) 7 83.13 83.72 83.425 -122.6 -113.36 -117.98 
5 91.07 82.76 86.915 -107.25 -109.5 -108.375 
3 78.05 70.3 74.175 -56.32 -59.82 -58.07 
0 146.25 141.95 144.1 -121.51 -109.4 -115.455 




Table 12: Data Analysis Table of Fy (±2.54 cm for 2.5 seconds) Part I  






Trial 1 (lb) 
Maximum 
Force 















Flat Deck  7 0 0 0 0 0 0 
5 0 0 0 0 0 0 
3 1.682 1.372 1.527 -4.333 -3.961 -4.147 
0 1.9 2.2 2.05 -4.19 -5.03 -4.61 
-2 1.65 1.62 1.635 -4.05 -4.425 -4.2375 
Deck w/Rails 7 0 0 0 0 0 0 
5 0 0 0 0 0 0 
3 1.59 1.81 1.7 -4.74 -4.89 -4.815 
0 3.22 3.03 3.125 -5.81 -6.05 -5.93 
-2 2.38 3.31 2.845 -4.91 -5 -4.955 
Deck 
w/Girders 
7 1.71 1.3 1.505 -3.9 -3.56 -3.73 
5 6.97 6.83 6.9 -6.9 -6.44 -6.67 
3 6.12 6.4 6.26 -8.35 -8.25 -8.3 
0 10.2 10.29 10.245 -13.62 -12.77 -13.195 
-2 9.96 9.68 9.82 -12.56 -12.22 -12.39 
Full Deck 
(open) 
7 1.03 1.57 1.3 -4.69 -4.89 -4.79 
5 5.62 5.81 5.715 -7.71 -7.37 -7.54 
3 5.93 6.16 6.045 -9.49 -9.32 -9.405 
0 11.09 11.31 11.2 -14.87 -14.16 -14.515 



















Table 13: Data Analysis Table of Fy (±2.54 cm for 2.5 seconds) Part II 






Trial 1 (lb) 
Maximum 
Force 

















7 4.07 3.82 3.945 -3.28 -3.68 -3.48 
5 5.23 5.26 5.245 -4.07 -3.91 -3.99 
3 7.17 6.91 7.04 -8.53 -7.68 -8.105 
0 13.27 13.38 13.325 -13.65 -13.23 -13.44 




7 2.05 1.45 1.75 -1.45 -1.9 -1.675 
5 5 4.7 4.85 -3.54 -3.57 -3.555 
3 9.56 8.78 9.17 -6.04 -5.71 -5.875 
0 13.07 14.53 13.8 -11.9 -10.8 -11.35 
-2 17.74 18.73 18.235 -16.58 -16.08 -16.33 
Full Deck 
(closed & small 
holes) 
7 2.6 3.31 2.955 -2.74 -2.52 -2.63 
5 5.44 4.95 5.195 -4.64 -4.47 -4.555 
3 6.96 6.07 6.515 -7.57 -8.08 -7.825 
0 13.58 14.22 13.9 -13.59 -13.76 -13.675 
-2 13.33 12.45 12.89 -12.71 -12.97 -12.84 
Full Deck 
(closed & large 
holes) 
7 2.58 2.71 2.645 -2.3 -2.19 -2.245 
5 4.72 4.02 4.37 -3.77 -4.33 -4.05 
3 6.6 6.55 6.575 -6.79 -7.26 -7.025 
0 12.5 13.06 12.78 -14.04 -14.1 -14.07 





Table 14: Data Analysis Table of Fz (±2.54 cm for 2.5 seconds) Part I  






Trial 1 (lb) 
Maximum 
Force 















Flat Deck  7 0 0 0 0   0 
5 0 0 0 0   0 
3 4.17 4.32 4.245 -1.565 -1.78 -1.6725 
0 16.23 16.6 16.415 -6.4 -6.31 -6.355 
-2 14.18 14.1 14.14 -6.56 -6.93 -6.745 
Deck w/Rails 7 0 0 0 0 0 0 
5 0 0 0 0 0 0 
3 5.41 4.6 5.005 -0.729 -0.945 -0.837 
0 15.77 15.73 15.75 -7.58 -7.7 -7.64 
-2 13.66 14.84 14.25 -6.22 -4.76 -5.49 
Deck w/Girders 7 -0.48 1.26 0.39 -3.3 -1.22 -2.26 
5 5.07 4.85 4.96 -2.53 -3.02 -2.775 
3 8.82 8.01 8.415 -3.15 -3.61 -3.38 
0 13.38 14.62 14 -4.7 -6.03 -5.365 
-2 6.81 5.94 6.375 -11.83 -10.87 -11.35 
Full Deck (open) 7 0.23 -0.014 0.108 -2.56 -2.81 -2.685 
5 2.87 3.08 2.975 -4.11 -3.92 -4.015 
3 7.86 6.99 7.425 -4.33 -5.62 -4.975 
0 10.99 10.74 10.865 -8.82 -7.8 -8.31 
-2 8.6 10.9 9.75 -8.57 -6.77 -7.67 
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Table 15: Data Analysis Table of Fz (±2.54 cm for 2.5 seconds) Part II 






Trial 1 (lb) 
Maximum 
Force 

















7 3.52 3.33 3.425 -2.59 -2.09 -2.34 
5 6.59 5.63 6.11 -5.07 -4.54 -4.805 
3 9.97 8.23 9.1 -12.73 -15.49 -14.11 
0 0.85 0.79 0.82 -11.64 -11.75 -11.695 
-2 -5.63 -7.08 -6.355 -22.86 -25.72 -24.29 
Full Deck (closed 
w/movement) 
7 1.23 1.75 1.49 -1.47 -0.76 -1.115 
5 3.89 3.58 3.735 -3.3 -3.36 -3.33 
3 10.31 10.4 10.355 -14.18 -15.42 -14.8 
0 10.71 9.72 10.215 -15.89 -17.66 -16.775 
-2 -5.97 -7.02 -6.495 -20.79 -22.49 -21.64 
Full Deck (closed 
& small holes) 
7 3.03 2.79 2.91 -1.03 -1.55 -1.29 
5 7.25 7.16 7.205 -3.42 -4.84 -4.13 
3 9.81 9.14 9.475 -12.73 -11.54 -12.135 
0 4.37 3.59 3.98 -9.24 -9.49 -9.365 
-2 1.7 1.72 1.71 -13.92 -13.91 -13.915 
Full Deck (closed 
& large holes) 
7 2.74 2.34 2.54 -1.04 -0.85 -0.945 
5 4.35 4.91 4.63 -3.46 -3.09 -3.275 
3 7.34 6.55 6.945 -10.67 -10.13 -10.4 
0 6.11 6.51 6.31 -7.63 -7.97 -7.8 




Table 16: Data Analysis Table of Mx (±2.54 cm for 2.5 seconds) Part I  




























Flat Deck  7 0 0 0 0   0 
5 0 0 0 0   0 
3 47.45 48 47.725 -40.9 -35.14 -38.02 
0 63.66 62.83 63.245 -43.11 -42.95 -43.03 
-2 62.95 60.41 61.68 -55.7 -53.99 -54.845 
Deck w/Rails 7 0 0 0 0 0 0 
5 0 0 0 0 0 0 
3 63.97 63.88 63.925 -45.9 -44.69 -45.295 
0 92.44 94.17 93.305 -77.89 -83.16 -80.525 
-2 70.61 67.97 69.29 -54.3 -56.22 -55.26 
Deck w/Girders 7 45.87 39.23 42.55 -37.22 -38.4 -37.81 
5 115.38 114.51 114.945 -152.89 -154.66 -153.775 
3 164.11 165.48 164.795 -148.86 -145.2 -147.03 
0 285.58 280.4 282.99 -253.15 -250.6 -251.875 
-2 256.65 255.14 255.895 -240.9 -242.64 -241.77 
Full Deck (open) 7 48.35 51.3 49.825 -41.4 -43.51 -42.455 
5 117 119.16 118.08 -139.25 -147.25 -143.25 
3 168.26 167.27 167.765 -153.76 -154 -153.88 
0 317.42 313.76 315.59 -275.53 -274.42 -274.975 




Table 17: Data Analysis Table of Mx (±2.54 cm for 2.5 seconds) Part II 






























7 55.32 65.74 60.53 -48.63 -53 -50.815 
5 81.68 79.88 80.78 -95.22 -89.89 -92.555 
3 163.96 165.01 164.485 -139.5 -134.35 -136.925 
0 304.15 312.05 308.1 -286.85 -283.07 -284.96 
-2 301.52 308.68 305.1 -257.34 -253.8 -255.57 
Full Deck (closed 
w/movement) 
7 8.17 9.35 8.76 -20.94 -7.61 -14.275 
5 71.72 78.4 75.06 -72.47 -65.96 -69.215 
3 148.83 141.54 145.185 -150.78 -153.88 -152.33 
0 287.5 270.2 278.85 -266.7 -312.43 -289.565 
-2 395.6 370 382.8 -375.89 -403.9 -389.895 
Full Deck (closed 
& small holes) 
7 42.9 45.4 44.15 -32.1 -33.9 -33 
5 71.72 80.9 76.31 -92.96 -92.59 -92.775 
3 153.32 158.44 155.88 -133.67 -134.25 -133.96 
0 326.32 326.69 326.505 -309.61 -308.37 -308.99 
-2 307.34 307.13 307.235 -274.48 -272.15 -273.315 
Full Deck (closed 
& large holes) 
7 28.31 32.77 30.54 -24.64 -29.29 -26.965 
5 77.17 76.78 76.975 -86.95 -87.48 -87.215 
3 161.04 156.49 158.765 -129.08 -126.41 -127.745 
0 322.47 321.79 322.13 -301.05 -301.58 -301.315 





Figure 81: Typical Data Graphs for Fy (Lateral Force) at 3cm Clearance: Open and Closed 





 Figure 82: Typical Data Graphs for Fy (Lateral Force) at 0cm Clearance: Open and 





Figure 83: Typical Data Graphs for Fy (Lateral Force) at -2cm Clearance: Open and 







Figure 84: Typical Data Graphs for Fz (Vertical Force) at 3cm Clearance: Open and 





Figure 85: Typical Data Graphs for Fz (Vertical Force) at 0cm Clearance: Open and 






Figure 86: Typical Data Graphs for Fz (Vertical Force) at -2cm Clearance: Open and 






Figure 87: Typical Data Graphs for Mx (Overturning Moment) at 3cm Clearance: Open 






Figure 88: Typical Data Graphs for Mx (Overturning Moment) at 0cm Clearance: Open 






Figure 89: Typical Data Graphs for Mx (Overturning Moment) at -2cm Clearance: Open 














Aaron Henry was born and raised in Maryville, Tennessee.  Aaron graduated with his 
Bachelor of Science in Civil Engineering from the University of Tennessee at Chattanooga in 
2008.  He began attending Louisiana State University in January of 2010, under the advisement 
of Dr. Steve C.S. Cai, to pursue his master’s degree.  Aaron’s main technical interests are 
structures, focusing on dynamic forces on bridges and buildings. 
